The modern nitrogen cycle consists of a web of microbially mediated redox 1 5 transformations. Among the most crucial reactions in this cycle is the oxidation of ammonia to 1 6 nitrite, an obligately aerobic process performed by a limited number of lineages of bacteria 1 7 (AOB) and archaea (AOA). As this process has an absolute requirement for O 2 , the timing of its 1 8 evolution -especially as it relates to the Great Oxygenation Event ~2.3 billion years ago -1 9 remains contested and is pivotal to our understanding of nutrient cycles. To estimate the 2 0 antiquity of bacterial ammonia oxidation, we performed phylogenetic and molecular clock 2 1 analyses of AOB. Surprisingly, bacterial ammonia oxidation appears quite young, with crown 2 2 group clades having originated during Neoproterozoic time (or later) with major radiations 2 3 occurring during Paleozoic time. These results place the evolution of AOB broadly coincident 2 4 with the pervasive oxygenation of the deep ocean. The late evolution AOB challenges earlier 2 5
Phylogenetic distribution of proteins involved in ammonia oxidation: 7 7 Phylogenetic analysis of the distribution of genes associated with ammonia oxidation 7 8
shows that this metabolism is restricted to four clades of characterized ammonia oxidizers Crenarchaeota/Thaumarchaeota, the Nitrococcaceae family within the Gammaproteobacteria, the capacity for ammonia oxidation through separate evolutionary events, followed largely by 1 0 0 vertical inheritance within each AOB clade. These data are not consistent with a much more 1 0 1 ancient acquisition of ammonia oxidation (e.g. in the last common ancestor of Nitrosococcales 1 0 2 and Nitrosomonadaceae) followed by extensive loss. As a result, the age of total group 1 0 3
Nitrosococcales, Nitrosomonadaceae, and the extant diversity of comammox Nitrospira can 1 0 4
confidently be used to constrain the timing of acquisition of the capacity for ammonia oxidation 1 0 5
in each lineage. Additionally, our data are consistent with hypotheses for ammonia oxidation 1 0 6 evolving from earlier aerobic methane oxidation pathways (Supplemental Information). To connect the evolution history of AOB described above to events in Earth history, we 1 1 0 performed molecular clock analyses to determine when AOB clades diverged from non-1 1 1 ammonia oxidizing relatives (i.e. age of total groups) and when AOB clades subsequently 1 1 2 radiated (i.e. age of crown groups). Molecular clocks estimate the origin of each AOB clade to 1 1 3 Neoproterozoic or Phanerozoic time, with each stem group AOB lineage emerging between 238 1 1 4 (comammox Nitrospira) and 894 Ma (Nitrosococcaceae) and radiation of crown groups 1 1 5 occurring after 538 Ma ( Figure 3 , Table 1 ). The 95% confidence intervals of divergence times AOB clades, and the fact that the acquisition of ammonia oxidation could in theory occur at any 1 2 0 point along stem lineages prior to the divergence of crown groups, the range of 95% confidence 1 2 1 intervals of ages of origin of the first AOB consistent with our data is between 1169 and 414 Ma. Nitrosomonadaceae (414 Ma). This also accommodates the possibility that these groups 1 2 5 acquired ammonia oxidation roughly simultaneously between 414 and 490 Ma. The analysis 1 2 6 therefore does not allow for a unique determination of which proteobacterial lineage first 1 2 7 acquired the capacity for ammonia oxidation. However, all scenarios consistent with our data 1 2 8 involve a later acquisition of ammonia oxidation within the Nitrospira, after the radiation of 1 2 9 ammonia oxidizing Nitrosomonadaceae and nitrite oxidizing Nitrospira.
The Neoproterozoic to early Phanerozoic origin of crown group AOB suggested by our 1 3 1 data is ~1.5 Ga later than previous suggestions that placed ammonium oxidation at or before the 1 3 2 GOE ~2.3 Ga (e.g. Garvin et al. 2009 , Zerkle et al. 2017 . Our estimate for the origin of bacterial 1 3 3 ammonia oxidation is during the time in Earth history that saw the biosphere transition from a Ward and Shih 2019) to a more modern system fueled by eukaryotic algae and supporting Paleozoic time suggests that these evolutionary innovations may be causally linked. Increased The delayed evolution and radiation of AOB may also be a consequence of limited Copper limitation may therefore have limited the expansion and potential productivity of the 1 6 3 oxidative nitrogen cycle for much of Proterozoic time. The late evolution of crown group AOB clades suggests that bacteria were not playing a it is always possible that there is a deeper history of bacterial ammonia oxidation by other 1 6 9 lineages that remain undiscovered or that are now extinct. The nitrogen isotope record is 1 7 0 consistent with active nitrification and denitrification through most of Proterozoic time (e.g. for the taxonomic affinity of organisms driving these processes. While the lack of an archaeal 1 7 3 fossil record for calibrating molecular clocks makes estimating the antiquity of AOA requirements of AOA compared to proteobacterial ammonia oxidizers, leading to the continued 1 7 8 dominance of AOA in modern oxygen minimum zones (e.g. Bristow et al. 2016 ). This is also in It is important to note that AOA and AOB utilize different biochemical pathways 1 8 9 downstream of AMO, so their relative contribution to ammonia oxidation through time has Our results provide necessary constraints for establishing a timeline for the evolution of Following the evolution of the AOA, the Proterozoic biosphere may have still been nitrogen Matzke 2013). We also constrained the most recent common ancestor of Rhodophytes with as a 3 0 8 more recent study and precise estimate of the fossil constraint Bangiomorpha pubescens utilizing 3 0 9
Re-Os isotopic measurements of the Bylot Supergroup of Baffin Island where the fossil was first Oxygenation Event and most likely evolved sometime after the Late Heavy Bombardment. Finally, a uniform prior for all taxa was again set conservatively between 2400-3800 Ma, assuming that the Last Bacterial Common Ancestor most likely evolved after the Late Heavy archaea and so these organisms were not included in our molecular clock analyses. Nitrospira within the Nitrospirota phylum). with expansions in ocean oxygenation and/or productivity during this time period. 28. Khadka, R., Clothier, L., Wang, L., Lim, C.K., Klotz, M.G. and Dunfield, P.F., 2018. pp.1-15. fractionation. The ISME journal, 5(11), p.1796. 
